This article addresses energy flows in the coffee agro-ecosystems of Costa Rica within the context of the socio-ecological transition, between 1935 and 2010, accounting for the shift from traditional to modern tropical agriculture. Estimating indicators of energy efficiency in crop management makes it possible to analyze the changing productive rationality of growers by studying end uses of all biomass appropriated from coffee agro-ecosystems. Coffee land and labor productivity, as expected, multiplied (by factors of 2.01 and 1.56, respectively). However, considering total biomass produced in coffee agro-ecosystems, productivity did not display such a significant increase. In contrast, all other energy efficiency indicators declined. Final energy return on investment (FEROI) fell from 1.02 in 1935 to 0.51 in 2005. External final EROI fell even farther, from 18.90 down to 1.86. The socio-ecological transition brought about the loss of multifunctionality in the final use of products derived from coffee agroecosystems, as new products replaced traditional ones.
Introduction
The study of energy flows in farming, understood in a broad sense, represents an effective and versatile way to describe the major changes that have taken place in agrarian systems during the transition from traditional to modern management approaches, as well as to analyze the environmental problems generated in this process. Scholars have used a variety of methods, from traditional energy balances (Leach 1976 ) to energy return on investment (EROI) (Tello et al. 2016 ) and life cycle assessment (LCA) (Haas et al. 2000) to analyze energy flows in farming. One aim, from the perspective of environmental and energy sustainability, has been to compare the energy efficiency of traditional and modern systems (Cleveland 1995; or organic vs. conventional management (e.g., Smith et al. 2015) . Another approach, from the social sciences and humanities, uses energy flows to study the material foundations and dynamics by which traditional societies were sustained, endeavoring to overcome perspectives that focus exclusively on cultural or monetary concerns. Such studies have assessed hunter-gatherer societies (Rappaport 1969) , the collapse of civilizations (Tainter 1990) , and the subsistence of peasant farming societies (Infante-Amate 2014) .
This article evaluates energy flows in Costa Rica's coffee agro-ecosystems within the context of the socio-ecological transition (SET) and the BGreen Revolution,^between 1935 and 2010, spanning both of the aforementioned perspectives within a tropical agricultural system. It estimates indicators about the energy processes of coffee production systems, evaluating its evolving energy efficiency. There is some published research about energy balances in coffee production in Nicaragua (Cuadra and Rydberg 2006) , Brazil (Giannetti et al. 2011a, b; Turco et al. 2012; Flauzino et al. 2014; Muner et al. 2015) , and Costa Rica (Marozzi et al. 2004; Mora-Delgado et al. 2006) . However, these studies all refer to the present day and address the plantation scale, generally comparing the efficiency of organic vs. conventional management and excluding the crucial shade layer (SL) in coffee agro-forestry systems. The scale of this article is national, offering data for all coffee agroecosystems in Costa Rica with a long-term perspective. It also includes the shade layer. In addition to energy efficiency indicators, the analysis reconstructs indicators of both land and labor productivity to draw comparisons between them. It is the first such analysis of a tropical crop at the national scale from a longterm perspective and including the SL. The analysis is not only ecological but also socio-economic, discriminating the end uses of all final products obtained and not only the commercial ones, with a view to understanding better the growers' productive rationality, the changes in management, and the changes in the functionality of the products and by-products of an agro-forestry crop during the socio-ecological transition (SET).
Materials, methods, and case study

Methods
Most studies of energy flows in agrarian systems aim simply to quantify the energy (direct and indirect) invested in an agroecosystem and to relate it with the energy produced by that agro-ecosystem. Divergent methods of determining study boundaries, conversion coefficients, and units of input and output mean that the results reported in the literature are incompatible, generating confusion that makes it hard to draw comparisons (Murphy et al. 2011; Aguilera et al. 2015) .
Nevertheless, this analysis builds on recent publications that overcome such limitations by employing standardized protocols for the study of EROIs of agricultural systems. When estimating output, we used Guzmán et al. (2014) , occasionally complemented by Rodríguez and Zambrano (2010) , Benavides (1998), and Salazar (1985) . When estimating input, we used Aguilera et al. (2015) , which updates the embodied energy factors and adds an historical dimension to the calculations. With regard to boundaries, Tello et al. (2016) offer complex analysis about the combination of input and output flows and especially a nuanced set of possible indicators of energy efficiency. In this case, we have adapted their proposal to fit a nationallevel crop scale. Infante-Amate (2014) distinguishes between the different end uses in the output products, making it possible to characterize marketable and subsistence production to better understand how traditional societies met their needs. Based on these studies, this article estimates the energy flows detailed in Fig. 1a , summarized as follows: net primary production (NPP) is divided into final production (FP), which is the proportion of production that reaches society and, as a consequence, has a socio-economic use, plus biomass reused (BR), which is the part of the biomass produced that recirculates within the coffee agroecosystem. The part of FP that goes to other agro-ecosystems or to livestock outside the coffee agro-ecosystem is considered FP in this case, and not BR, since it is not used within the coffee plantation. Our NPP estimation is an aboveground estimation that does not include accumulated biomass (Guzmán and González de Molina 2015) . Therefore, NPP equals to land produce or NPPh, as defined in Tello et al. (2016) , plus that part of the herbaceous layer or the shade layer not harvested. In agroforestry systems, recycling of the shade layer plays a key role in the circulation of energy, whether the leaves fall naturally or through human action. Finally, society provides external inputs (EI), which are those inputs that are not recycled. EI plus BR constitutes total inputs consumed (TIC).
In the case of coffee, NPP can be divided into three different layers: the coffee layer (or coffee plant) (CL), comprising the bean, leaves, and wood; the herbaceous layer (HL), comprising the small plants and grass; and the shade layer (SL), made up of various species of trees that perform a crucial ecological and socio-economical role in the production of many tropical agrarian systems, including coffee (Perfecto et al. 1996; Beer et al. 1997) . This article reconstructs the production of the CL and the HL in annual series, between 1935 and 2010 (Fig. 1c) . For the years 1935 and 2005 only, in an effort to characterize two clearly different management approaches-modern and traditional-it is possible to reliably reconstruct the production of the SL, bearing in mind that it integrates dozens of species with different productions and surface compositions each year (Muschler 1999) . Accordingly, although this analysis reconstructs EI annually, only for 1935 and 2005 does it estimate TIC, since shade layer calculations include the recycled biomass of the forest. Figure 1b explains the different types of associations between input and output flows and the resulting EROIs, which are estimated for each historical period.
Sources
The first comprehensive Costa Rican coffee census that allows a full energy analysis was published in 1935 (IDC 1935) . Full series of bean production and land area from similar official censuses continue through present, including supplementary information from FAO (2016) . Taken together, they allow an estimation of the production of by-products (Rodríguez and Zambrano 2010), prunings (Romjin and Wildernik 1981) , and the herbaceous layer (Romero 2006) . Shade layer estimation is more complex, but we have estimated the shaded land area at two time points, representing traditional and modern systems, based on the dominant tree species. Inga (Inga), Poró (Erythrina poeppigiana), Musaceae (Musaceae), and timberyielding species (chiefly the Eucalyptus) have always provided canopy covering to around 90% of the total shaded area (DGEC 1953; ICAFÉ various years, 2007) ; a literature review-chiefly derived from CATIE, the Tropical Agronomical Centre for Research and Teaching-provides the biomass production of each tree species, as well as their recycling on the farm and their final uses. In the case of the Poró tree, of particular note are the works of Montenegro (2005), Romero (2006), and Merlo (2007) . In the case of the Inga tree, Jiménez and Martínez (1979) and Salazar and Palm (1987) are the most important. With regard to Musaceae, Farfán-Valencia (2005) provides a complete summary. For timber-yielding species, there is a complete study available (Detlefsen and Somarriba 2012) along with the frequently used estimations of Beer et al. (1997) .
Fertilizers are the most significant inputs, usually reconstructed here from official statistics (CAFETICO 1992; ICAFE various years). Otherwise, they come from studies describing total regional fertilizer use connected to other sources of information about the share of fertilizers used in coffee plantations (ICAITI 1967; OAS 1970; López and Picado 2012; FAO 2016) . Due to lack of specific information about pesticides, we reconstructed total pesticide use (Ramírez 2009; FAO 2016) from studies that provide the percentage of pesticides added per crop at the national level (Maltby 1980; Hilje et al. 1987 ). Information about labor and machinery comes from Picado (2000) and Renjifo (1992) .
Costa Rica in the global coffee system
Coffee is one of the most widely consumed drinks in the world and one of the most important commodities in global commerce (Grigg 2002) . Up to the eighteenth century, its production and consumption was confined to very specific parts of Africa and Asia (Clarence- Smith and Topik 2003) . Since then, fired by the first global distribution, its production spreads to other parts of the world, and its consumption became increasingly popular, chiefly in the Americas and Europe, where it is now more popular than tea (Grigg 2002) . Their coffee consumption (availability) is 1.2 kg of green beans per person per year (FAO 2016), equivalent to 2500 million cups per day (Dicum and Luttinger 1999) . Figure 2a shows that the geographical expansion of coffee worldwide is confined to tropical climates. Currently, Brazil (2.78 teragrams, Tg) and Vietnam (1.16 Tg) account for over half of global production. Figure 2b also shows the main coffee-producing areas in the world: besides Brazil and Vietnam, Colombia, Ethiopia, and Central America. Together they accounted for 55-75% of global production in the last half century. In this period, production almost doubled, from 4.40 Tg in 1961 -1965 to 8.38 Tg in 2008 . Central America encompasses five coffee-producing countries: Costa Rica, Honduras, Guatemala, El Salvador, and Nicaragua, which have accounted for a tenth of global coffee production over the past half century. The trend has been one of continued growth, with production figures rising from 341 Gg (gigagrams) to 792 Gg (Fig. 2c) . Although its participation in the global total is not as striking as Brazil or Vietnam, Central America is a paradigmatic example of a coffeeproducing region. Among the main producing areas in the world, Central America is the only one where coffee represents the countries' primary crop, 1 and its percentage of 1 In Costa Rica, coffee covered more surface area than any other crop in 2010. In Honduras, El Salvador, and Guatemala, it was second after maize. In Nicaragua, coffee was third, after maize and beans (FAO 2016). cultivated area is the highest in the world, reaching an average of 30% (FAO 2016) Costa Rica was the region's biggest coffee-producing country in the late nineteenth century and 20th century. It also led a process of industrial intensification from the 1950s onwards, at unprecedented levels on a global scale. In just three decades, Costa Rica followed an accelerated path of transition that altered the management and functionality of coffee agroecosystems; by the 1980s, it was the most productive country (land productivity) in the world (Renjifo 1992:34) . However, Costa Rican coffee intensification stagnated since the 1990s, due to several factors: a drive to produce higher quality coffee, production regulations, abandonment of productive areas in the Central Valley due to urbanization, aging plantations, and, above all, falling coffee prices (Deugd 2003; Castro et al. 2004) . Costa Rican coffee has not moved towards a later stage of hyper-intensification, as occurred in Vietnam, Brazil, and Colombia, characterized by total mechanization of management and harvesting and with unprecedented levels of production never before seen in history (e.g., Agergaard et al. 2009 ).
Energy flow analysis
Intensifying agro-ecosystems Figure 3a , b details the energy flows (direct and embodied) in Costa Rican coffee production between 1935 and 2010. Of particular note is fertilization, which accounted for 63 to 90% of total energy requirements. Although prior to 1950, organic fertilizers represented 30 to 50% of fertilizer energy, today this figure stands at just 10%. Chemical fertilization was present to only a limited extent in 1935; just 5.1% of coffee plantations fertilized using external inputs, of which just 2.2% were chemical fertilizers. Today, these percentages have risen to 90 and 89, respectively.
Human labor was initially the second most important item; between 1935 and 1955, it accounted for between 20 to 35% of energy inputs, with a downward trend that reached on 5 to 10% in recent years. The mechanization of coffee production is still very limited in Costa Rica today. Farmers use only small machinery for manual applications of treatments, fertilizers, and weed management. For that reason, the growth of this input has been more limited. Costa Rica has not moved towards hyper-intensive methods as in countries such as Vietnam (Agergaard et al. 2009 ).
Since the 1960s, the second most important energy input has been pesticides, with an average consumption of around 12%. The use of pesticides was first documented in 1916 with the use of inorganic mixtures (Hilje et al. 1987) ; however, it was not until the 1950s that their usage became significant. Nonetheless, coffee has never been a crop treated with high doses of chemicals compared to other crops. In the 1950s, their usage must have been limited (Hilje et al. 1987:76) . Between 1970 and 2000, different estimations indicate that coffee consumed only between 5 and 10% of all pesticides in the country, in spite of the fact that coffee was its most prominent crop. By way of example, in 1993, bananas consumed 57% of total pesticides whereas coffee, grown over a larger area, consumed just 7% (Santos et al. 1997:18) . Today, over half of coffee plantations still manage weeds manually (ICAFE 2007) .
External energy inputs to coffee plantations increased by a factor of 13 between 1935 and 2010. The trajectory of growth has been almost continuous, with the exception of a brief period in [1988] [1989] [1990] [1991] [1992] [1993] , and recent disruptions in the twentyfirst century. There was also a switch to more productive varieties-chiefly Caturra-with a higher harvest index; these new varieties produce more bean than traditional ones in relation to total biomass, but also require more inputs, which indirectly alters energy flows (Infante-Amate and Picado 2016).
These changes led to a formidable increase in production (Fig. 3c, d ). Between 1935 and 2010, coffee bean production increased from 117 Gg (263.8 TJ) to 500 Gg (1131.5 TJ), peaking in 1989 at 948 Gg (2144.6 TJ). Prior to 1955, production remained stable under traditional management, but in just 30 years, between 1955 and 1985, it underwent a major expansion then sustained until 2000, which marked a turning point towards crisis. The trend for bean production was similar to that for inputs from the perspective of energy, as shown in Fig. 3aa , c, following a pattern of rapid growth between 1955 and 1985, subsequent stagnation and final decline into the current crisis. However, the rate of growth in inputs was even greater, as we will see below.
The literature describes the change in production brought about by the SET in terms of the production of commercial beans-undoubtedly the most important part in monetary terms-but has neglected the production of total biomass derived from pruning or shade trees, which plays a decisive role in farming subsistence (Infante-Amate 2014) and crucial ecosystem functions (Smil 1999). Analyzing the rest of the biomass reveals that its increase has been much less than the increase in coffee beans. This could partly be explained with reference to the harvest index, which increased from 0.44 in 1935 to 0.64 in 2010 (comparing bean production with that of the total coffee plant biomass). If instead we compare the percentage of green coffee to the total aboveground NPP measured in terms of dry matter, we see that it increased from 4.6 to 10.9%. Thus, while bean productivity increased dramatically, total biomass productivity remained relatively stable.
The shade factor
Coffee is usually managed as an agro-forestry system in which the coffee plant grows among dozens of different species of trees that play a fundamental role in the agro-ecosystem's energy cycle by producing and recycling biomass (e.g., Muschler 1999) . During the socio-ecological transition, coffee agro-forestry systems have lost space in a process observed with great concern because of its environmental implications (Perfecto et al. 1996; Tschartnke et al. 2011) . In Costa Rica, from almost 100% prior to industrialization, 75% of all land and 89% of coffee plantations are now shaded. The change in the tree species composition used to provide shade coffee is also significant. In 1950, shade trees planted in Costa Rica's coffee plantations were made up of 62% Inga and 18% Musaceae, while timber-yielding species were insignificant (DGEC 1953) . By 2005, Inga had fallen to 18%, having been replaced by Poró at 25% and with a growing presence of timber-yielding species (particularly Eucalyptus and laurel), now accounting for 11% (ICAFE 2007) . The reasons behind this change are related to the nature of the SET, as we will see below.
In any case, occupation data highlight the major role of the SL in both traditional and modern coffee agro-ecosystems in the country. Biomass production from all sources, on average, ranges between 2.5 and 10 Mg of dry matter per hectare, including firewood, prunings, and beans. The majority of this production is recycled on the plantation (leaves and twigs that fall spontaneously or which are pruned and then reused). In 2005, the aboveground NPP of coffee agro-ecosystems was 974.8 Tg of dry matter, of which 414.9 Tg (42.6%) corresponded to the SL, and of these, 288.2 Tg was recycled. This amount represents an average of 43.9 GJ/ha/year of recycled biomass derived from the SL in relation to total inputs consumed of 120.6 GJ/ha (Fig. 4) . In other words, even under industrial management, a third of the energy incorporated into a coffee agro-ecosystem came from recycling of the shade layer. In 1935, this figure was similar: 30.5 GJ/ha out of TIC of 73.6 GJ/ha. The fact that the amount recycled in absolute terms has increased is explained by the greater extraction in traditional systems of firewood collected outside of the plantation from dominant species such as the Inga, a firewood-producing tree, and the greater relative productivity of the Poró, which has grown with industrialization. Today, EI derived from external fertilization, pesticides, labor, and machinery stands at 33.2 GJ/ha, whereas recycled biomass is over twice that amount. Consequently, to analyze energy (or nutrient or carbon) cycles without taking into account the shade layer would be to neglect a dominant element. Figure 4 shows the input and output flows for traditional and modern coffee agro-ecosystems in Costa Rica. The output side is separated into flows consumed directly by families, which have fallen from 68.3 to 57.1 GJ/ha, and those that go to the market, which have multiplied by 6, from 0.7 to 4.5 GJ/ha. This change describes the commercialization of economic activities over the course of the twentieth century, but also the functional change operating in farming during the SET. This change reveals the transition from an agrarian system that needed to provide multiple goods to meet most human needs to a much more simplified industrial system in which farming focuses chiefly on the production of fruits, grains, or beans destined for human and animal consumption (e.g., González de Molina and Toledo 2014). This fact is more clearly evident when the energy analysis incorporates the SL as a crucial productive component of coffee agro-ecosystems.
Functional change
Four major changes characterize this transition. First, there was an increase in coffee production for commercial purposes (chiefly export), which rose from 5.7 to 15.1 GJ/ha. Second, fuel use in final production declined, from 65.6 to 50.6 GJ/ha. The energy transition made society less reliant on prunings and coffee plant by-products as fuel. Up to the 1980s, over 80% of coffee plantation owners used firewood to meet their energy needs and the majority came from coffee products (both the SL and the CL) (Lemckert and Campos 1981) . Third, the weighting of products allocated to livestock has fallen, from 6.5 to 5.3 GJ/ha, in a phenomenon explained by the growing consumption of imported commercial feed in the diets of livestock. Lastly, the production of timber for industrial uses has increased from 0.7 to 4.4 GJ/ha, owing to the proliferation of timber-yielding species in the SL and a refocusing of farming orientations for greater profitability (Detlefsen and Somarriba 2012) .
Efficiency and productivity
The information compiled in this paper, summarized in Table 1 , establishes a number of relationships to analyze various indicators of productivity and efficiency. Annual data, as shown in Fig. 1 , present coffee production, EI, and the EROIs derived therefrom. This estimation also makes it possible to offer information about the productivity of land and labor in coffee plantations, in terms of beans and also the plant and the herbaceous layer. Figure 5 sets out indicators of energy efficiency, and land and labor productivity for coffee beans and NPP (excluding the SL), in an annual series from 1935 to 2010. Only for 1935 and 2005, in addition to the above information, it is possible to estimate TIC and FP and to obtain all of the EROIs proposed.
Land productivity doubled if one only analyzes the production of marketable coffee (bean or green), but it was stable in the context of the production of total agro-ecosystem biomass. The same is true for labor productivity. In 1935, these plantations produced 0.61 kg dry matter of green coffee beans per hour worked, whereas in 2005, this figure increased to 1.04 kg/h. In other words, labor productivity increased by 71%. However, instead of measuring coffee bean production, we analyze coffee plant production (adding by-products into the equation); productivity declined 33%, from 4.17 to 2.79 kg/h. Considering the total NPP, the labor productivity declined from 13.5 to 9.6 kg/h, a decline of 29%. So, labor productivity increased if we analyze only the coffee bean production, but by including by-products, it declined. Of these by-products, some do not have a socio-economic use but rather were reused within the plantation. Consider final produce as represented in Fig. 4 . For every hour worked in 1935, the traditional agro-ecosystem produced 7.8 kg/ha of goods useful within the domestic unit, including food, fuel, fodder, and wood. The modern system in 2005 produced only 3.1 kg/ha of such materials. In terms of offering subsistence to rural farming communities, labor productivity decreased in an evolution similar to that described by Boserup (1965 Boserup ( , 1981 for processes of intensification in traditional systems.
From the perspective of energy, the relationship between labor and production (in terms of beans or NPP) reveals the relationship between production and only one input, labor. Adding the Energy flows in the coffee plantations of Costa Rica: from traditional to modern systems other external inputs, for which there are annual series from 1935 to 2010, or total inputs consumed, which adds reused biomass, it is possible to calculate several EROIs. Each presents a different indicator of energy efficiency in coffee agro-ecosystems. Table 1 details six EROIs derived from the proposals of Tello et al. (2016) and described in the methodological section, as well as in other articles included in this special issue. In all cases, energy efficiency declined. In contrast with the trends in labor and land productivity, the energy efficiency measures suggest a degradation in all cases. Final EROI is the most common metric of energy return on investment, relating final produce with total inputs Net primary production = coffee layer + herbaceous layer + shade layer = final produce + biomass reused
Source: see BMaterials, methods, and case study^section consumed. FEROI fell from 1.02 in 1935 to 0.51 in 2005, revealing deterioration from a barely efficient system (above 1.0) to an inefficient one. These low values are partly explained by the fact that the majority of FP biomass comes from coffee beans, which has little energetic value. (Coffee beans are not particularly valuable in terms of their energy content or their nutritional or calorific functions, but primarily for their flavor and caffeine content.). Relating NPP with TIC produces NPP EROI, which declined from 1.97 to 1.24. This decline was less marked owing to the persistence of shaded biomass and byproducts from the coffee plant, combined with a notable increase in bean production. Even so, total growth of NPP was less than the increase in inputs invested.
The external final EROI highlights the dependence on inputs from outside the agro-ecosystem (EI). The deterioration in efficiency in EFEROI was much more pronounced, plunging from 18.90 to 1.86, underscoring the tremendous dependence of the agro-ecosystem today on inputs from outside the region, and its high productivity in relation to the low level of inorganic inputs in traditional systems. Internal final EROI, which links final produce with biomass reused, fell from 1.08 to 0.71. This indicator is of great agro-ecological interest: a traditional system provided 1.08 energy units for every unit recycled, regardless of EI. However, today, it is inefficient with regard to recycled energy. Current intensive models produce less final biomass more than they recycle. Land productivity (kg of fresh matter/ha), labor productivity (kg fresh of matter/h), and energy efficiency (EROI). The left column refers only to coffee bean production while the right column includes NPP from the entire coffee layer and herbaceous layer (but not the shade layer)
Discussions and conclusions
This article reconstructs the energy flows of coffee agroecosystems in Costa Rica during the socio-ecological transition. It assesses energy efficiency in depth, but also distinguishes the final uses of the entire energy production of coffee agro-ecosystems, not only the marketable coffee beans. A substantial proportion of the broader energy production of the system plays a key role in the everyday subsistence of local communities. These findings point to several conclusions:
1. The intensification of coffee agro-ecosystems, from a biophysical perspective, can be explained as a series of interconnected factors. New coffee varieties were more productive but also required external inputs. The increase in production raised labor demands (more energy for human work). In energy terms, the majority of energy inputs came through chemical fertilizers. This is due to the limited use-in comparison with other tropical crops-of pesticides and the low level of mechanization on coffee plantations in Costa Rica. Intensification accelerated between 1955 and 1985, generating a growing dependence on external, non-renewable inputs, highly dependent on fossil fuels for their manufacture, transportation, and use. By 1985, due to coffee's global economic crisis, total bean production declined, partly because of a reduction in external inputs. To some extent, the economic crisis forced more efficient practices. Although direct energy (electricity or fossil fuel) was not important, embodied energy shot up, as it has done in other countries in the same period (Cleveland 1995; . Coffee is thus highly dependent on fossil fuels due to embodied energy consumption. When we drink coffee, we are also drinking oil. 2. Intensification, as in other countries that have undergone the Green Revolution, has led to a productive increase in harvest yield. Figure 5 presents the evolution of land productivity, labor productivity, and energy efficiency, comparing the production of beans on the one hand and that of NPP on the other. 2 Land productivity quadrupled. However, one of the main conclusions of this study is that land productivity, when analyzing total biomass, did not increase as much (it has doubled). The same is true of labor productivity, which increased with regard to harvested fruit, but not for the rest of production (with or without a socio-economic use). Including the shade layer in the estimate of NPP (only available in 1935 and 2005) , this pattern is even sharper. Land productivity remained stable and the decline in labor productivity was even higher than in the annual series of Fig. 5 . These results are particularly interesting in relation to Boserupian debates about the evolution of productivity in traditional systems (Boserup 1965 (Boserup , 1981 . According to the influential theory of this Danish economist, agrarian intensification under traditional management led to an increase in land productivity, but a decrease in labor productivity. The socio-ecological transition, on the other hand, brought about an increase in both land and labor productivity, as is frequently claimed in relation to the Green Revolution. The results set out here corroborate this known pattern. However, they also bring to light new evidence about a less well-known phenomenon, which is of increasing interest. The production of biomass per land unit did not grow during the SET and this fact has had several negative effects: decreased capacity as a carbon sink in the fight against climate change Aguilera et al. (2017) , less biomass available for other species and a consequent loss of biodiversity (Haberl et al. 2004) , and less potential for alternative uses of biomass such as bio-energy (Haberl et al. 2010) . 3. Examining this process purely in terms of energy, the efficiency of coffee growing declined substantially in the process of industrialization. Coffee does not contain much energy in terms of the human diet, but it does require increasing amounts of energy in its production. Internal cycles of energy are fundamental to sustaining production, biodiversity, and soil health, and coffee plantations offer broad bio-energy potential from coffee by-products or material derived from the shade layer. Hence, it is fundamental to study plantation energy flows in order to design sustainable coffee growing systems. Intensification of production clearly brought about energy inefficiencies, although it is also true that these inefficiencies raised coffee bean production. A literature review (Infante-Amate and Picado 2016) documents many studies that provide information about energy balances in coffee systems, exposing extremes between fairly non-intensive family-run organic plantations (1.5 GJ/ha of EI) and very intensive approaches in Brazil (943 GJ/ha). The EROIs of these studies show greater efficiency in the case of conventional management, generally less than one; greater efficiency in mixed management with few external inputs, with an average EROI of 1.94; and, finally, greater efficiency in organic systems, with an average of 3.41. These data are not broadly representative and refer only to the relationship between coffee produced and external inputs. However, they highlight a trend repeated throughout the literature on agricultural energy returns of greater efficiency in organic or traditional systems (Smith et al. 2015) and also help to contextualize these results. 4. The SET did not only affect agrarian systems in terms of their intensification. Coffee is a classic cash crop; only the bean is used socially, roasted to make the beverage we drink. Focusing solely on those elements, although they are undoubtedly the most lucrative part of this agrarian activity, ignores a major component of the daily subsistence of producing regions and the biophysical flows that sustain not only agriculture but also life in a broader sense. Coffee, beyond just producing a bean that ends up as a steaming hot beverage, has been a formidable supplier of goods and services for communities of growers and the surrounding ecosystems. In traditional systems, prior to the energy transition, it was the touchstone to satisfy many other needs through materials pruned from coffee plants and especially from shade layer trees that were used as fuel and as suppliers of wood and timber for domestic usage, animal feed, packaging, etc. The SET brought about the loss of multifunctionality as new products replaced traditional ones. The arrival of electricity puts a stop to the use of fuels. Imported commercial feed replaced animal feed produced on plantations. New packaging materials replaced musaceae leaves. This study of traditional systems does not propose a return to past practices, but suggests we can learn from traditional cultures in order to design sustainable futures (Toledo and BarreraBassols 2008) . In the new context of post-carbon economies, it is becoming important to foster a multifunctional approach to farming in order to combine internal recycling with the extractions required to meet non-food requirements. We are returning to situations we have experienced in the past: a world without oil.
The intensification of tropical farming and the loss of traditional agro-forestry systems are a grave environmental problem in the world today, causing the loss of biodiversity and ecosystem services (Foley et al. 2005) . In coffee production, this socio-ecological transition was extremely serious in environmental terms (Tscharntke et al. 2011 ). In the case of coffee growing in Costa Rica, this transition has been more moderate and concluded already in the 1980s, falling short of the hyperintensive experiences of other countries. However, between 1950 and 1985, the traditional production system moved towards one that was dependent on external inputs, losing part of its previous multifunctionality and focusing on increased coffee yields as it transitioned to the productive system present today. Open Access This article is distributed under the terms of the Creative Comm ons Attribution 4.0 International License (http:// creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
